presumably the neighboring groups that confer specificIn vivo, this reaction requires an activated form of ity on that site. The active site (contained within the RecA, but it occurs spontaneously in vitro at high pH. 
rates of autocleavage are very slow. It was proposed ple mutant (QM), contains three hypercleavable or Ind s mutations (L89P, Q92W, and E152A), a combination that the hypercleavable Ind s mutations of LexA change this equilibrium toward the cleavable L* form, and that which promotes extremely rapid RecA-independent cleavage in vivo, together with an additional mutation activated RecA does so to an even greater extent.
While it offers an attractive explanation for the mechaof the proposed general base, K156A, that blocks the chemistry of cleavage and appears to confer tight bindnism by which cleavage is restrained, this proposal has not been supported by any biophysical evidence. Moreing to RecA (Slilaty and Little, 1987) . We rationalized such mutations would push the conformational equilibover, the cleavage-site region is missing from the previously determined UmuDЈ and cI fragment structures. rium to favor the form required for cleavage and would allow us to trap this normally rare conformation in our Here we report the crystal structures of several forms of LexA. These structures all include the cleavage site structures. Four structures were solved from three unique crystal region. Remarkably, we observe two distinct conformations of this region, which we believe represent the forms: those of full-length S119A and G85D proteins, and those of tryptic fragments (residues 68-202) of the cleavable and noncleavable conformations. S119A and QM proteins (designated as ⌬ 1-67 ). In each of these structures, the cleavage site region is observed Results and Discussion in one of two distinct and recurrent conformations (summarized in Table 1 ). As predicted by our design strategy, Choice of Mutant Proteins We sought to solve the structure of several mutant forms the structure of the ⌬ 1-67 QM protein shows (for both molecules of the dimer in the asymmetric unit) a wellof LexA. As the native enzyme undergoes slow selfcleavage even in the absence of RecA, we designed ordered cleavage site region in a conformation and location that is compatible with self-cleavage. On the other constructs containing mutations that prevent cleavage such that the resulting structures would provide insight hand, the ⌬ 1-67 S119A tryptic fragment shows a wellordered cleavage site region in a conformation and locainto the conformation(s) of the cleavage site region. The first, G85D, has a change in the Ala84-Gly85 cleavage tion that is distant from the active site of the enzyme and incompatible with self-cleavage. Finally, the fullsite that blocks autocleavage (Lin and Little, 1989 ), but it should have a normal active site. The second, S119A, length S119A and G85D structures have one molecule in the asymmetric unit (molecule A) that is well-ordered has a change in the active site Ser119 nucleophile that prevents cleavage (Slilaty and Little, 1987), but it should throughout, including the cleavage site region which has the same noncleavable conformation as the ⌬ 1-67 S119A have a normal cleavage site. Collectively, these two mutants should allow for the reconstruction of the "native" tryptic fragment. The other molecule in the asymmetric unit (molecule B) is disordered in the N-terminal DNA LexA structure that is unamenable to structure determination (we acknowledge that subtle differences may still binding domain, as well as either partially ordered (S119A) or fully disordered (G85D) in the cleavage site be possible). The third protein, here termed the quadru- region. We predict the disorder is likely a result of crystal Table 1 ), and thus, our structure provides no evidence for dimer contacts in the DNA binding domain. packing constraints in this region of the unit cell. UnexThe CTD (Gly-75 to Asn-198) is an exclusively ␤ pectedly, the portion of the cleavage site region that is stranded structure (b3 to b11; Figure 2A ). This domain observed (with high temperature factors) in molecule B consists of the cleavage-site region (Gly-75 to Tyr-98), of S119A appears to adopt the cleavable conformation an intervening linker (Gln-99 to Asp-110), and a catalytic (very similar to that observed for the ⌬ 1-67 QM protein).
core (Phe-111 to Asn-198; b5 to b11) containing the Again, an analysis of our structure in this region indicates proposed Ser-119 nucleophile and Lys-156 general that crystal packing constraints prevent the occurrence base. We identify this as the catalytic core based on of the noncleavable conformation which is observed in its structural conservation in the crystal structures of the other S119A structures.
UmuDЈ and the cI fragment (respective root-meansquare deviations are 0.96 Å and 1.36 Å for 81 superOverall Architecture posed C␣ pairs).
Full-length LexA is composed of a structurally distinct
LexA is observed as a dimer in all of our structures N-terminal DNA binding domain and a C-terminal catarelated by either crystallographic or noncrystallographic lytic domain (termed NTD and CTD, respectively), as dyad symmetry (Table 1) Ala-84-Gly-85 (in green) directly adjacent to the Ser-Lys of adjacent positive charges, causing charge repulsion of the proton, or by placement in a buried and neutral active site dyad (in orange). In the other form, which we term the noncleavable or NC form ( Figures 3A and 3B) , environment, which would exclude charged atoms. The structure of C strongly favors the latter possibility. There the cleavage site of the partially restructured CSR lies ‫02ف‬ Å away from the active site dyad. From the details are no charged amino acids within 8 Å of the ⑀-amino group of Lys-156. Lys-156 N is somewhat exposed to of the structures (see below), we believe that the C and NC forms are, or closely resemble, the L* and L forms solvent in NC, with a solvent-accessible surface of ‫11ف‬ Å 2 (compared to 40-50 Å 2 for an entirely exposed postulated previously on the basis of kinetics (Roland et al. 1992), and we propose that interconversion be-N ), but becomes entirely buried in C ( Figure 3C ; Table  1 ). The side chain of Lys-156 forms strong van der Waals tween C and NC represents the mechanism by which cleavage is controlled.
contacts with the hydrophobic residues Met-120 and Ile-177, which form part of the active site, and becomes further buried by additional residues from the cleavage The LexA Active Site The ␤-hydroxyl of the nucleophile Ser-119 forms a site (Ala-84 to Pro-87) in C. The closest charge around the ⑀-amino group of Lys-156 is the ␥-carboxylate of a strong hydrogen bond to the ⑀-amino group of the proposed general base Lys-156 (2.9 Å and 3.1 Å in the 2 highly conserved Glu-152 ‫8ف(‬ Å ; Figure 4 ). As one might expect considering the long-range but complementary protomers of the G85D dimer). The conformations of the side chains in the Ser-Lys dyad are highly conserved electrostatic charge, an E152A mutation at this position produces a 0.3 decrease in the apparent pK a of cleavage between the LexA G85D structure and that of UmuDЈ, cI, and the E. coli signal peptidase (which also has and a 7-fold increase in the rate of autocleavage at pH 10 (Slilaty and Vu, 1991). A truncated LexA E152A significant structural similarity in the catalytic core). In the C form of LexA, the Ser-119 O ␥ sits ‫7.2ف‬ Å from the enzyme also showed 10-fold elevated activity in the intermolecular cleavage reaction (Kim and Little, 1993). Ala-84 C, with which it would react during cleavage ( Figure 4A ).
In the mechanism for classic Ser-His-Asp serine proteases like chymotrypsin, a tetrahedral oxyanion interOne feature of the conformation-equilibrium model is that the cleavable L* form has a markedly reduced pK a mediate is formed during catalysis which is favorably stabilized by a structural feature in the enzymes known for Lys-156 (estimated at ‫;6-5ف‬ Roland et al., 1992), compatible with its role as a general base in the reaction.
as an "oxyanion hole" (Kraut, 1977) . Our structure of LexA in the presence of substrate (the CSR) allows us In principle, the pK a could be reduced by the presence Finally, selectivity on the universally conserved Glyof an energetically unfavorable ␤ bulge in the CSR, and importantly, the protonation of the general base Lys-85 of the Ala-Gly cleavage site is likely due to its unusual conformation disfavored for other residue types (φ ϭ 156. We consider each of these contributions in turn. The catalytic core provides an unusually extensive ϩ163, ϭ Ϫ142). This glycyl residue sits on the tip of a type IV turn with its N atom within hydrogen-bond hydrophobic surface which accommodates the CSR in distance to Lys-156 N . Our structure suggests its con-C and NC, respectively. In C, the substrate-recognition formation would be critical for placing the glycyl leaving cleft provides hydrophobic pockets for binding the side group in close vicinity of the potential proton source of chains of Val-82 and Ala-84 of the CSR ( Figure 4B and Lys-156. Mutant data support this notion; LexA G85D 6B). In NC, this cleft is instead filled with ordered solvent and the analogous cI G112E mutant proteins severely molecules (bound to the main chain atoms of the flankblock cleavage, and cI G112A mutant autocleaves ing b5 and b8; Figure 6A ), and the CSR binds to an 5-fold slower than wild-type (Gimble and Sauer, 1986;  adjacent hydrophobic surface on the catalytic core Lin and Little, 1989 88, and Leu-89) are buried at this site stabilizing NC (in C, the side chains of Leu-88 and Leu-89 are unfavorably Our structures suggest that C and NC represent two stable conformations that are stabilized by distinct interexposed to solvent). We propose that the differential burial of hydrophobic residues, and the observation that actions with the catalytic core. In both conformations, ‫0511ف‬ Å 2 of solvent-accessible area is buried between the CSR must compete with ordered solvent molecules in order to gain access to the substrate-recognition cleft, the CSR and the conserved catalytic core with 12 and 7 mediating hydrogen bonds for C and NC, respectively. may provide an added stability advantage to the NC form. No buried salt bridges between the CSR and the catalytic core are present in either form. We infer that the C Previous mutagenesis studies also support the role of these hydrophobic interactions in modulating the and NC forms are unlikely to be trapped by a high energy conformational interconversion. In particular, the hyperterms of regulating cleavage and in minimizing nonspecific proteolysis in vivo. cleavable Q92W stabilizes the C form, as observed in the structure of the ⌬ 1-67 QM protein, in which the side The extensive hydrophobic surface, which alternatively stabilizes the CSR in LexA, is also relatively conchain of Trp-92 provides additional interactions with the exposed hydrophobic surface ( Figure 6B) . Furthermore, served amongst other members of the LexA superfamily, suggesting a similar general role in modulating the NC a favorable -cation interaction (Gallivan and Dougherty, 1999) is observed between the aromatic ring to C interconversion (Figure 1) . However, there are differences in the size and specific nature of the hydrophobic of Trp-92 and the guanidinyl group of Arg-148 (3.5 Å ), explaining why aromatic residues at position 92 are parsurface, as well as the region corresponding to the conformationally variable region of the LexA CSR (Val-79 to ticularly effective in elevating the rate of autocleavage.
An additional structural feature that may destabilize Glu-95). Cleavage rates vary between members of the LexA superfamily, and have likely evolved to fit the bio-C is a ␤ bulge formed by Val-79 N and Gly-80 N of the ␤ strand b3 opposing Leu-112 O of ␤ strand b5 (in NC, logical role of each protein (Kim and Little, 1993). Our structures lead us to suggest that such "fine-tuning" there is no such bulge). Even though the energy cost for forming a ␤ bulge is estimated to be moderate by a of autocleavage rates could involve specific mutations within the CSR and the hydrophobic surface to which statistical study of protein structures (Chan et al., 1993) , it may contribute to the destabilization of C. Glycine has it binds. If the CSR in other proteins resembles that of LexA, the highest propensity to form a ␤ bulge. Mutations at Gly-80 would be expected to increase the energy cost we note two other important implications from our structures. First, in vivo cleavage of UmuD is intermolecular, to create a ␤ bulge, therefore shifting the conformational equilibrium toward NC. Indeed, LexA G80D and G80V not intramolecular (McDonald et al., 1998). In the LexA structure, by contrast, the CSR interacts with the catamutants block cleavage Little, 1988, 1989) .
Finally, a critical structural feature that will destabilize lytic core in an intramolecular mode, and the conformation of the linker loop (Gln-99 to Asp-110) between the the C form is the protonation of the ⑀-amino group of Lys-156. In NC, our structures show this group is partially CSR and the catalytic core is the same in the C and NC forms. In the structure of the LexA dimer, this linker loop exposed to solvent, whereas in C it is completely buried by the bound substrate. It is highly likely that significant connects b4 of the CSR to b5 of the catalytic core (in purple in Figure 2 tures show that these mutations map to the oxyanion hole (G117E), the substrate binding pocket (V115F), or The simplest interpretation of their properties is that they prevent cI from binding to RecA, although this has the CSR (G80D, G80V, V82M), each of which likely destabilize the C form. Clearly, the role of RecA will only be not been shown directly. Strikingly, several of the RecAspecific mutations in cI (Gimble and Sauer, 1986) are completely resolved when detailed kinetic data of the RecA-stimulated cleavage reaction and structural data mapped to a region of our LexA structure ( Figure 5 ) that includes surface exposed residues on the loop between of RecA in complex with a member of the LexA superfamily become available. b3 and b4 in the CSR. tural features which may modulate the C and NC equilibrium include alternative hydrophobic interactions be-
